Background: Delayed union, nonunion, and mechanical failure is still problems encountered in limb salvage surgery (LSS) using extracorporeal irradiation (ECI). This study aimed to determine whether bone marrow mesenchymal stem cells (MSC) and recombinant human bone morphogenetic protein-2 (rhBMP-2) improve hostgraft union after osteotomy and also increase its mechanical strength.
Introduction
Limb salvage surgery (LSS) using extracorporeal irradiation (ECI) technique is an effective method to reconstruct bone defects in any cases of sarcomas in extremity and pelvis (1) (2) (3) (4) (5) (6) (7) . In some Asian countries like Japan (1991) (8) ECI dosage needed to achieve free tumor cell autograft (10) varies between 30 to 300 Gy in single fraction (10, (13) (14) (15) (16) (17) . According to Davidson et al. (11) and Krieg et al. (12) , the combination of chemotherapy and single fraction of ECI with dose of 50 Gy would eradicate 100% malignant bone sarcoma cells, prevent local recurrence (11, 18) , and yield autograft bone segment which function as a scaffold for the process of creeping substitution (11) .
However, ECI with a dose of more than 50 Gy may lead to non-viable bone autograft segment (10) , reduced number of mesenchymal stem cells (MSC) and osteoblasts (19), decrease in graft osteoconductive potency, delayed union or non-union, and decrease in the mechanical strength of bone (9, 11, 14, 19) .
Problem of delayed union or nonunion, decrease in the mechanical strength of bone, implant failure, and reconstruction of large bone defect are major challenges in LSS with ECI technique (20) (21) (22) . Measures which have been done to improve the process of union and incorporation of the reconstructed bone defect are the application of autologous bone graft, demineralized bone matrix, bioceramics (calcium phosphate / hydroxyapatite), autologous bone marrow, and growth factor such as bone morphogenetic proteins (BMPs) (22) (23) .
MSC application may show promises as a therapeutic method for tissue repair and regeneration. It is able to be stimulated to differentiate into desired cell and form specific tissue for therapeutic benefit, which yield tissue with structurally and mechanically appropriate for normal tissue function and also achieve full integration with surrounding tissue (24) (25) (26) .
Recent studies also show that BMPs have important roles in the process of new bone formation (21, 27 ) by induction of differentiation of MSC into osteoblast, promoting osteoblast maturity, and endochondral ossification (28). Sasso et al. (29) and Reddi et al. (30) stated that BMPs could heal large bone defect (29) and fracture nonunion (23) . Among studied BMPs (BMP-2 to BMP-7, and BMP-9), BMP-2 has the highest osteoinductive potential (31) .
Therefore, we studied the role of MSC transplantation and recombinant human BMP-2 (rhBMP-2) application in LSS with ECI technique. In this study, MSC, rhBMP-2, and their combination was expected to accelerate union of osteotomy between post ECI autograft and host bone, and also improve their mechanical strength. All of these approaches on the LSS with ECI technique have not yet been applied in humans, thus this study was conducted in Sprague Dawley (SD) rat.
Methods

Experimental Design
Thirty SD rats were randomly divided into five groups. Group I acting as the control group underwent LSS using ECI technique with a dose of 150 Gy single fractions. Similar procedures were applied to group II, with additional application of hydroxyapatite (HA) on the proximal and distal osteotomy sites. Group III received HA and bone marrow MSC transplantion of 2 x 10 6 cells. Group IV received HA as well as application of rhBMP-2. Group V received HA, bone marrow MSC of 2 x 10 6 cells, and rhBMP-2 which were transplanted at the proximal and distal osteotomy sites (Fig. 1) .
All procedures undertaken in this study had been approved by Institutional Animal Care and Use Committee (IACUC) PT Bimana Indomedical Bogor number R.03-11-IR and ethical approval from University of Indonesia number 131/PT02.FK/ ETIK/2011.
Evaluation of this study was performed with Lane and Sandhu radiological score (32) , value of serum alkaline phosphatase (SAP) and osteocalcin (ELISA test), histological score, tissue expression of alkaline phosphatase and osteocalcin (immunohistochemistry), and ultimate force in bending test to evaluate the mechanical strength.
Isolation and culture of bone marrow MSC: Five male SD rats were prepared for allogenic donor, bone marrow MSC was extracted from both tibia and femur of each rat. Bone marrow cells were taken using modified Dobson method by putting the bone in 25 mL polypropylene conical flask. The flasks were centrifuged at 750 x g for 30 minutes. After pellet was formed on the bottom of the tube, it was resuspended by adding 8 mL RPMI medium, then centrifuged at 750 x g for 10 minutes. Supernatant was removed, the pellet was added to 10 mL RPMI, and centrifuged at 750 x g for 10 minutes. Supernatant was removed again, the cell pellet was added to 3 mL of growth medium and counted by using a hemocytometer. Cells were cultured, incubated, and evaluated on 6 wells tissue culture plates with concentration of 10 7 cells per well. Culture was incubated at 37°C with 5% CO2 concentration. Growth medium was replaced on day 7 and subsequently changed every 3 days. Observation was done by inverted microscopy (80x magnification) to evaluate the adhesion of the nucleated cells with fibroblast-like morphology to the plastic culture plate (33) .
Characterization of MSC
Characterization of MSC was done using reverse transcriptase-polymerase chain reaction (RT-PCR) and immunocytochemistry assay. RT-PCR was used to detect the expression of genes which encoded some of MSC surface proteins such as CD73, CD90, CD105, CD44, and STRO-1. Beside surface protein of MSC, the marker of hematopoietic stem cells such as CD34 (a marker of primitive hematopoietic progenitor cells and endothelial cells) and CD45 (a marker of pan-leukocytes) were also checked to ensure the isolated cells were not contaminated with hematopoietic stem cells. Immunocytochemistry assays were also performed to see the expression of MSC surface protein (33) .
Surgical Procedure of LSS with ECI Technique
LSS with ECI technique was performed in two stages of surgery (in two consecutive days). On day-1, resection of 10 mm diaphyseal segment of the right femur was performed using manual A letter saw (designed by author), followed by ECI exposure with dose 150 Gy single fraction. The host bone was temporarily fixed by 1.4 mm Kirschner wire (K-wire). On day-2, reimplantation of the diaphyseal segment of the femur was conducted and fixed with 1.4 mm K-wire.
After anaesthesia with ketamin (Ketamil (R) , Troy laboratories PTY limited Australia) 80 mg/kg body weight and xylazine (Seton 2% (R) , Laboratorios Calier S.A. Spain) 10 mg/kg body weight intraperitoneally, disinfection was done with 10% povidone iodine and 70% alcohol from mid-body to the entire region of the right lower extremity which had been shaved previously. Incision was performed 20 mm long with anterolateral approach to the right femur. Vastus lateralis muscle was split from biceps femoris and patella was dislocated medially. Vastus lateralis and biceps femoris muscles were retracted from femoral bone meanwhile the periosteum was kept intact. Segmental osteotomy including its periosteum of 1 cm long was done at mid-diaphysis of the femur with manual a letter saw equipped with 1 mm blade (modified from Tsuchida et al.) (34), while cutting, irrigation with NaCl 0.9% was done. These femoral diaphyseal segments from group II-V were detached from surrounding soft tissue and wrapped with 3 layer moist saline gauze and dry gauze at the outside and wrapped again in sterile plastic bag. Specimens were kept in dry ice and irradiated by extracorporeal irradiation at National Nuclear Centre (Badan Tenaga Nuklir Nasional).
On the second day, reimplantation of the femoral diaphyseal segments were done. After anesthesia with the same regiment as above, sutures were removed, osteotomy 
Radiographic examination
Serial radiographs of rat femur were examined at the end of the week-2, week-4, week-6, and week-8 at Radiology Unit of Bogor Agricultural Institute Animal Hospital. Radiographic examination was done under anaesthesia using E7239X Rotanode Toshiba X-ray machine with serial number 2A009, with a maximum exposure condition of 125 kV and 500 mA. X-ray exposure used was 52 kV and 6.4 mA for 400 ms on ventrodorsal and laterolateral projection (35). Radiological evaluation was performed using radiological score developed by Lane and Sandhu (1987) (32) .
Alkaline phosphatase and osteocalcin
Blood samples were collected 1 to 1.5 mL in each microtube. SAP and serum osteocalcin was examined by ELISA kit from USCN. The microtiter plate provided in that kit has been precoated with a monoclonal antibody specific to SAP and osteocalcin. Standards or samples were then added to the appropriate microtiter plate wells with a biotin-conjugated polyclonal antibody preparation specific for SAP and osteocalcin. Next, Avidin conjugated to Horseradish Peroxidase was added to each microplate well and incubated. Then a TMB substrate solution was added to each well. Only those wells that contained SAP or osteocalcin, biotinconjugated antibody, and enzymeconjugated Avidin had a change in color. The color change was measured spectrophotometrically at a wavelength of 450nm ± 10nm.
Histopathologic examination
After euthanasia, the right femur was resected immediately. By maintaining a Kwire inside, harvested femur was fixed in 10% neutral buffered formalin for 48 hours. K-wire was removed before decalcification. Samples were embedded in paraffin and cut longitudinally with a microtome 5 µm sections, and stained in hematoxylin eosin (HE). Stained sections were examined with light microscope Nikon Eclipse E400 (R) .
Immunohistochemistry
Staining of Alkaline Phosphatase and Osteocalcin
Immunohistochemical examination of alkaline phosphatase and osteocalcin was performed by modification of Yoshiki procedure (36) . The slide was deparaffinized in xylol I-III respectively for 5 minutes and dehydrated in xylene and graded alcohol for each 4 minutes. After that blocking was done with 0.5% H 2 O 2 in methanol for 30 minutes and then washed in water for 5 minutes. Pretreatment of the slide was performed with citrate buffer in microwave Cook I and Cook II for each 5 minutes, followed by blocking background target to block non-specific antigens and then incubated for 15 minutes. Then it was given primary antibody to alkaline phosphatase / osteocalcin and incubated for 1 hour. The slide was given a universal ink secondary antibody to bind to the primary antibody for 15 minutes. After that, counterstaining was performed with haematoxylin for 1-2 minutes. Positive alkaline phosphatase and osteocalcin expression referred to the positive control of alkaline phosphatase and osteocalcin from osteosarcoma tissues.
Bone Mechanical Strength Test
The mechanical strength of bone was examined by bending test. The test was carried out using universal testing machine Schenck-Trebe type RME100 (Germany) with Yokogawa XY recorder type 3023 through KWS amplifier type 3073 (Japan), and a supporting bone holder.
Measurements taken were callus diameter, callus cross-sectional area, and the ultimate force in the bending test until the specimen was broken. Protocol of this study was resumed in Fig. 1 .
Statistical analysis
Statistical analysis was performed with repeated One Way Analysis of Variance (ANOVA) test and ANOVA test using SPSS software. Differences between the means were considered statistically significant when p< 0.05.
Results
Radiological Score
Repeated ANOVA test with sphericity Fig. 1 . Protocol of this study. Thirty SD rats was randomly divided into 5 groups. Group I as control group underwent resection of 10 mm intercalary femoral segment, radiation with 150 Gy single fraction, and reimplantation on the next day and fixed with intramedulary 1.4 mm Kirschner Wire. Similar procedures were applied to other groups. Group II received hydroxyapatite (HA) scaffold on the proximal osteotomy (PO) and distal osteotomy (DO) sites. Group III received HA scaffold and bone marrow MSC. Group IV received HA scaffold and rhBMP-2. Group V received HA scaffolds, bone marrow MSC, and rhBMP-2. Radiological evaluation were done at week-2, 4, 6, and 8; serum alkaline phosphatase and osteocalcin were measured at week-2 and 4. All animals were sacrificed at week-8 and prepared for histopathological evaluation, immunohistochemistry, and biomechanical study to determine ultimate bending force.
MJIRI, Vol. 28.129. 15 November 2014 http://mjiri.iums.ac.ir assumed showed significant difference bebetween the radiological mean score of proximal osteotomy (PO) at week-2 to week-8 (F(3,8) = 62.593, p<0.0001). The same test also showed significant difference in radiological mean scores of the distal osteotomy (DO) from week-2 to week-8 (F (3,87)= 74.604, p< 0.0001). In Dunnett's test, we found an increase in the radiological mean score of PO and DO from week-2 to week-8 (3.12 ± 0.15; 3.39 ± 0.15) and (2.93 ± 0.13; 3.0 ± 0.15); however it did not show any significant difference (Figs. 2 and 3) . Fig. 4 (a, b, and  c) shows the pictures of the radiographic examination in latero-lateral projection of samples in group I, III, and V respectively.
Serum Alkaline Phosphatase and Osteocalcin
SAP level in group I-IV at week-4 was lower than its level at week-2; while, SAP level in group V was higher (Table 1) . Mean SAP level was 10.529, 4 ± 3.792, 70pg/µ and 8.732, 9 ± 2.189, 76pg/µl at week-2 and week-4 respectively. ANOVA test showed no significant difference at week-2 (p= 0.059), however, it was statisticallydifferent at week-4 (p= 0.027). Dunnett's test revealed significant difference at week-4, it was between group V and II (p= 0.023).
Mean serum osteocalcin level was 248.8 ± 57.09 pg/µl and 300.4 ± 117.69 pg/µl at week-2 and week-4 respectively ( Table 1) . ANOVA test found no significant difference among the groups at week-2 (p = 0.082) and week-4 (p= 0.818). In contrast to the result of SAP, serum osteocalcin level of all groups were higher at week-4 than its level at week-2.
Histopathologic Examination
The mean histological scores of PO and DO were 7.4 ± 5.2 and 7.7 ± 5.2 respectively; mean histological score is shown in table 1. ANOVA test showed significant differences among groups in the histological scores of PO and DO with respective p values of <0.001 and <0.001. Dunnett's test showed significant difference in the histological mean score of PO in group IV and V compared to group I (control) (p = 0.001 and 0.003) as well as DO in group IV and V to the group I (control) (p = 0.007 and p = 0.005). The mean histological score of PO and DO of the group III was higher than control (9.5 ± 2.6 compared to 4.0 ± 3.8 for the PO histological score; 5.8 ± 4.2 compared to 3.8 ± 3.8 for DO histological score), although they did not show a statistically significant difference (p= 0.064 and p= 1).
Histological images in each treatment group were shown in Fig. 5(a, b, and c) . Union and healing by extensive connective tissue (score 0) appeared in some control groups (Fig. 5a ). Most other control groups experienced union with fibrocartilage tissue. The majority of group III has reached union with mature bone or partial union with mineralized cartilage (figure 5b). Unlike the other groups, in general, group IV and V were generally healed with lamellar bone. In group IV and V lamellar bone aggressively grew surrounding cortical wall (Fig. 5c ). 
Immunohistochemistry of alkaline phosphosphatase and osteocalcin
Alkaline phosphatase and osteocalcin expression of tissue showed positive results in group I-III and negative in group IV-V. Alkaline phosphatase expression was most commonly found in group III (80%), followed by group II (67%), and group I (33%). Osteocalcin expression were found the most in group I (67%), followed by group II (50%) and III (40%). The expression of alkaline phosphatase and the tissue osteocalcin are summarized in Table  2 .
Tissue expression of alkaline phosphatase and osteocalcin was positive in group I, II, and III. Group IV and V had perfect healing and remodelling, so that they no longer express alkaline phosphatase and osteocalcin (Fig. 6a, b, and c) .
Mechanical Strength of Bone
Bone mechanical strength test was used for different samples. The mean diameter of the bone (callus) was 5.8 ± 2.57 mm, the cross-sectional area of bone (callus) was 11.3 ± 5.66 mm 2 . The mean of ultimate force on bending test was 151.8 ± 52.66 N. The highest ability to withstand the bending force was found in group IV. The average diameter of the callus, callus crosssectional area, and ultimate force of each treatment group are shown in Table 4 . Diameter and cross-sectional area of callus in group IV and V are greater than the other groups.
Discussions
In primary malignant bone tumor with indication of LSS with ECI technique, fracture could occur due to bone destruction by osteoclasts, the tumor itself (bone destruction before surgery), or due to complication of ECI exposure. In this model the various factors mentioned above was eliminated, so we evaluated the effect of MSC, rhBMP-2, and their combination to the union of osteotomy and its mechanical properties. The use of autogenous bone as a graft after devitalized with ECI exposure as a preferred method of LSS continued to increase, because this method was simple and inexpensive (3, 6, 11, 13) and also the size and shape of have the following three criteria (42) . First, MSC must be plastic-adherent when mainmaintained in standard culture conditions. Second, MSC must express CD105, CD73 and CD90, and lack expression of CD45, CD34, CD14 or CD11b, CD79a or CD19, and HLA-DR surface molecules. Third, MSC could differentiate to osteoblasts, adipocytes, and chondroblasts in vitro. In order to prove that, we performed characterization with RT-PCR and immunocytochemistry assays. RT-PCR showed that cultured cells had positive gene for surface markers CD73, CD90, CD105, and STRO-1, and negative for CD34 and CD45. Those results were further supported by immunocytochemistry assay that showed positive expression of CD73 and CD105. It was the limitation of this study that we could only confirm two of three ISCT criteria. Considering their fibroblast-like morphology, plastic adherent properties, ability of cells to grow and proliferate on appropriate medium for mesenchymal stem cells, and the result of RT-PCR and immunocytochemistry, we concluded that those mononuclear cells with fibroblast like morphology are very likely MSC (33) .
In this study, we used allogenic bone marrow MSC from the previous culture results (our preliminary study) due to several considerations: (i) autogenic MSC donor is not possible, because it is obtained from the femur and tibia of rats via surgical hip joint disarticulation, (ii) surgery on the rest of the contralateral femur would cause injury and pain that violate the animal welfare, (iii) the use of allogenic MSC relatively did not cause rejection due to lack of expression of HLA class II antigens on the bone marrow MSC (25) . The low rate of immunorejection of the allogenic MSC was reported by Koc et al (43). The study showed no T cell reaction or rejection on the use of allogenic MSC in patients with Hurler's syndrome. Horwitz et al. (44) reported allogenic MSC transplantation in three children with osteogenesis imperfecta did not result in immunorejection. That result was also supported by Bartholomew et al. (45) and Ryan et al. (26) which showed allogenic MSC administration on wound healing gave no rejection reaction.
Our study showed that on the second week of observation, the radiological result of proximal and distal osteotomy in group I and II only showed signs of new callus formation (score 1), whereas group III, IV and V more than 60% of rats reached the beginning of healing by bone tissue (score 2). The osteotomy line was almost disappeared (score 3) in more than 60% of samples in group III, IV and V (score 3) on the fourth week, however only 30% of samples on group I and II had reached score 3. It means that transplantation of bone marrow MSC, application of rhBMP-2, and its combination improved radiological score and accelerated union. It was supported then, on the sixth week, more than 50% rats on group IV and V had achieved complete healing (score 4).
Radiological result was supported by histopathological examinations. Healing in group I-III varied from fibrous to mature bone tissue. In group I and II, there was fibrous tissue between graft and host bone expanding into medullary canal of femur. A few osteotomy in group I and II healed with cartilage or osteoid. In general, it could be concluded that group III had better histological score compared to control or group II. It was due to the effect of MSC transplantation on osteogenesis and endochondral ossification at the osteotomy site. This result was supported by research done by Cuomo et al. (46) which showed that tissue healing on control group and MSC transplantation group varied from fibrous tissue to mature bone.
In group IV and V (rhBMP-2 and bone marrow MSC + rhBMP-2), there were extensive bridging callus, contained many trabecular bone, which bridge the host bone from proximal to distal covering the femoral autograft. Asymmetric callus on one side of the femur was mainly the influence of the rhBMP-2 implantation area. Both bony osteotomized area MJIRI, Vol. 28.129. 15 November 2014 http://mjiri.iums.ac.ir underwent union with mature bone, by forming lamellar bone that surround the cortical wall. The combination of bone marrow MSC and rhBMP-2 resulted in better histological score compared to the groups which received bone marrow MSC or rhBMP-2 alone.
Hydroxyapatite administration alone which functioned as an osteoconductive scaffold did not improve radiological score or accelerate the healing process. In fact, radiological mean score of group II at the sixth week was lower compared with control group. The results of post hoc statistical analysis also showed no significant difference between groups that received hydroxyapatite and the control group. These results are similar to studies conducted by Ozturk et al. (47) which showed that the addition of hydroxyapatite does not improve fracture healing both radiologically and histopatologically. According to Finkemeier (21), hydroxyapatite administration would give good results when administered on a gap or bone defects in areas that have good blood supply such as in metaphysis.
Theoretically, hydroxyapatite has the same chemical composition with bone mineral fraction. It may fill gap between graft and host bone and also stimulate bone growth. Hydroxyapatite is a nonresorbable scaffold, it is a good substrate for adhesion, proliferation, and differentiation of MSC and osteoblasts. Furthermore, differentiated cells would produce extracellular matrix and integrated with host tissue (24, 48, 49) . However, according to some researcher, hydroxyapatite may cause osteolysis if it was exposed to bone marrow and soft tissue. Hydroxyapatite debris was allegedly caused implant failure by stimulating phagocytosis (by macrophage) and release of various cytokines (TNF-α, IL-ß, IL-6, dan prostaglandin E2 (PGE2)). After that, there would be inflammatory process, triggering differentiation of osteoclast precursor into mature osteoclast, and it might cause impairment in bone remodeling and result in osteolysis (50) .
The healing of osteotomy (union between graft and host bone) was influenced by; biologic activity (MSC, viable osteoblast and its product), osteoinductive potential (growth factors such as BMP-2) (31,51), and osteoconductive potential (graft and scaffold) (51-52), and also local host condition (53).
Bone marrow MSC transplantation alone (group III) had increased radiological scores, with radiologic mean score higher than group I and II. At week-8, it gave significant difference in mean radiological scores of distal osteotomy compared to group I. Theoretically bone marrow MSC might provide response to biological and mechanical environment and could differentiate into cells which provide component required for fracture healing (54) . But bone marrow MSC cannot work alone, and very dependent on the extracellular matrix, intercellular signal (54) , and also neovascularization to sustain its viability (55) .
The limitation of bone marrow MSC in this study is thought to be caused by in vivo environment which does not support their proliferation and differentiation. Bone marrow MSC which had been previously growth in artificial medium must adapt to the new environment after surgical resection and re-implantation procedure, which was poor in oxygen and growth factors. LSS may cause extensive tissue damage (after fracture, oxygen level at fracture site would decrease into 0-2%) (56 Without exogenous application of rhBMP-2, healing of osteotomy occurred slower (delayed union) or might develop non-union. When the number of osteogenic cells was sufficient, healing of osteotomy / fracture would still took place even without the administration of BMP-2 (58). This can be seen in some of the rats in group I-III which had complete healing with score 4. From several BMPs (BMP-2 to BMP-7, and BMP-9) which was known for their osteoinductive properties, BMP-2 showed the strongest osteoinductive potency. BMP-2 had important roles in the process of differentiation, from the differentiation of bone marrow MSC into osteoprogenitor cells, and then became pre-osteoblast, and eventually the differentiation of osteoblast into osteocyte (23) . So far in developed country, only rhBMP-2 and rhBMP-7 were available for clinical application and also had been approved by FDA (59) . Based on its potential and availability, the researcher select the application of rhBMP-2 for the intervention in group IV and V.
Application of rhBMP-2 alone and their combination with bone marrow MSC had accelerated healing, increased bridging callus, and also prevented implant failure. This was proven by thickness of callus formation and higher radiological score on the group IV and V compared to the other three groups. These results are consistent with studies of Cuomo et al. (46) that showed addition of rhBMP-2 as an osteoinductive component caused MSC differentiated more effectively by giving signal to the cells and produce 100% healing rates.
Radiological assessment at week-2 and week-4 did not show any association with serum alkaline phosphatase level. Group III-V showed better radiological score than group I and II, but the serum alkaline phosphatase level of group III-V were lower than serum alkaline phosphatase level in group I and II at week-2 and week-4. It was assumed due to different individual response (inter-individual variations were very large) and higher inflammatory reaction in group I and II. The large inter-individual variation can also be seen from the results of serum osteocalcin level (60) (61) .
Variations in the level of serum alkaline phosphatase and osteocalcin were influenced by various factors, such as; different research protocol (clinical and experimental studies), fixation method, treatment method, type of animal, and also diurnal variation. Diurnal variation in bone turnover marker had been documented in several species including rats, mice, rabbits, and horses (62) .
This study found positive alkaline phosphatase expression on osteoblast in group I-III (80% in group III, 67% in group II, and 33% in group I), but negative in group IV and V. These results can be explained because the healing of osteotomy (enchondral ossification) in group I-III were still ongoing; so there were still many active osteoblasts producing alkaline phosphatase. Immunohistochemistry also showed positive tissue osteocalcin expression in group I-III and negative in group IV-V. Osteocalcin expression were found the most in group I (67%), followed by group II (50%), and group III (40%).
Implantation of rhBMP-2 and its combination with bone marrow MSC had increased the cross-sectional area of callus and ultimate bending force (25, (30) (31) . Bone marrow MSC transplantation alone did not lead to significant increase in ultimate bending force compared to control group, although the cross-sectional area of callus in group III was 11.2% greater than control group. Compared to normal bones, ultimate force in group III is lower than the normal bones. Specimens in group IV and V have cross-sectional area which were 228.5% and 249.7% larger than the specimens in control group and healthy bone. Their ultimate bending force were 45.5% and 1.1% greater than healthy bones. In order to achieve the same ultimate bending force as healthy bone, it required addition of rhBMP-2. Nevertheless, in order to achieve the same ultimate bending force as healthy bone, it required 228% greater cross-sectional area.
Conclusion
The conclusions of this study are: (1) transplantation of bone marrow MSC alone was proven to accelerate union of osteotomy but inadequate to improve the mechanical strength of ECI autograft, (2) combination of bone marrow MSC and rhBMP-2 was proven to accelerate union of osteotomy and improve the mechanical strength of ECI autograft.
